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Abstract Cassava is widely consumed in many
areas of Africa, including Ghana, and is a major part
of most household diets. These areas are characterized
by rampant malnutrition, because the tuberous roots
are low in nutritional value. Provitamin A biofortified
cassava varieties have been developed by the Interna-
tional Institute for Tropical Agriculture, but adoption
of these varieties in Ghana will largely depend on their
agronomic performance, including fresh root yield,
dry matter content, resistance to major pests and
diseases, mealiness, starch content and the stability of
these traits. Eight provitamin A varieties with two
white checks were planted in three environments for
two seasons to determine stability and variability
among the varieties for important traits. There were
significant variations in performance between vari-
eties and between environments for cassava mosaic
disease, root number, fresh root yield and starch
content. High broad-sense heritability and genetic
advance were observed in all traits, except for storage
root number, and could be exploited through improve-
ment programs. This study identified the best per-
forming enhanced provitamin A varieties for traits that
are key drivers of variety adoption in Ghana. In view
of this, some varieties can be recommended for
varietal release after on-farm testing. The study also
showed the possibility of tapping heterosis after
careful selection of parents.
Keywords Provitamin A cassava  Heritability 
Stability  Genetic advance
Introduction
The populations of underdeveloped and developing
countries often suffer undernourishment and ‘‘hidden
hunger’’ as a result of micronutrient deficiencies
(Maroya et al. 2010). Areas in Africa, including
Ghana, where cassava is widely consumed, are
characterized by rampant malnutrition because the
tuberous roots are low in nutrients such as vitamin A
(Ssemakula and Dixon 2007). It is for this reason that
the development of nutrient dense cassava cultivars
needs much more attention to eliminate the ramifica-
tions of malnutrition among the poor in an inexpensive
and sustainable way. Vitamin A deficiency constitutes
a public health problem and affects mainly children
and women. Recently, different programs such as
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HarvestPlus, involving a global alliance of research
institutions, initiated the development of micronutri-
ent-dense staple crops (Bouis et al. 2011; Dwivedi
et al. 2012). Among these initiatives is the develop-
ment of biofortified cassava clones with high provi-
tamin A carotenoid content (PVAC) in the roots.
Adoption of biofortified cassava varieties in Ghana
will largely depend on their agronomic performance,
including storage fresh root yield, dry matter content
(DMC), resistance to major pests and diseases, starch
content and the stability of these traits over time and
space. DMC influences texture after boiling, and is
also a key parameter in the production of gari (a
popular form of cassava consumption in Ghana).
According to Ceballos et al. (2017), there is no
negative relationship between carotenoids and DMC;
thus, making it possible to identify varieties with high
PVAC and acceptable levels of DMC.
Genotype by environment interaction (GEI) is the
result of inconsistent performance of varieties across
environments. The expression of genes that control
key agronomic traits in cassava is influenced by both
abiotic and biotic stresses, which results in GEI (Kang
2002). Breeders face the GEI challenge by evaluating
genotypes in several environments to ensure that they
have good and stable performance (Acquaah 2012).
Several statistical models have been developed to
interpret GEI data to understand stability. Scientists
have highlighted weakness and strengths of these
models, which includes commonly used ones like
additive main effects and multiplicative interaction
(AMMI) and genotype and genotype by environment
interaction (GGE) biplots. Several studies on cassava
have used AMMI for assessment of GEI effects for
traits, storage root yield (Kvitschal et al. 2006; Aina
et al. 2007), carotenoid and dry matter content
(Maroya et al. 2010; Esuma et al. 2016) and early
bulking of storage roots (Agyeman et al. 2015). The
AMMI model was reported to capture a large portion
of the GE sum of squares and uniquely separates main
and interaction effects as required for most agricul-
tural research purposes (Gauch 2006). Yet, the AMMI
biplot does not have the most important feature of a
true biplot, namely the inner-product property and this
biplot does not display the discriminating ability and
representativeness view of a biplot, which is effective
in evaluating test environments. Hence, the GGE
biplot has been proposed to effectively identify the
best-performing genotypes across environments,
identify the best genotypes for mega-environment
delineation, whereby specific genotypes can be rec-
ommended for specific mega-environments and eval-
uate the yield and stability of genotypes (Yan and
Kang 2003; Yan and Tinker 2006).
This study, was designed to evaluate yellow
cassava clones across locations for DMC, cassava
mosaic disease severity (CMDS), cassava green mite
severity (CGMS), starch content, yield and its related
characteristics; to determine the magnitude of geno-
type, environment, and GEI effects on these traits, and
to identify stable and high performing clones for DMC
and fresh root yield using GGE biplots.
Materials and methods
Varieties, experimental sites and design
Ten varieties were evaluated of which eight were
selected from sets of yellow-fleshed clones previously
acquired from the International Institute of Tropical
Agriculture (IITA) and the other two varieties were
white-fleshed landraces obtained from farmer fields in
Ghana (Table 1). Trials were conducted over two
seasons, May 2015–May 2016 and June 2016–June
2017 at three locations situated in different agroeco-
logical zones. Fumesua (forest), Ejura (forest transi-
tion) and Kokroko (transition). Each planting season
was considered an environment, giving a total of six
environments. Temperature and rainfall data were
recorded during the experimentation period as well as
soil nutrient profile of the fields prior to planting the
Table 1 Provitamin A and white cassava genotypes used for
the study
Genotype Code Status Source Pulp color
IBA090090 G1 Improved IITA Yellow
IBA090151 G2 Improved IITA Yellow
IBA070557 G3 Improved IITA Yellow
IBA085392 G4 Improved IITA Yellow
Local G5 Landrace Farmer White
IBA083774 G6 Improved IITA Yellow
IBA070593 G7 Improved IITA Yellow
IBA070539 G8 Improved IITA Yellow
UCC G9 Released CSIR-CRI White
IBA083724 G10 Improved IITA Yellow
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trials (Table 2). Trials were laid out in a randomized
complete block design with three replications, each
consisting of four rows of seven plants, giving a plot
size of 28 plants. Planting was done at a spacing of
1 9 1 m. To increase chances of sprouting and
uniform plant establishment, all stakes used for
planting were generated from the middle portions of
mature stems. Replications were separated by 2 m
alleys. Weeding was done when necessary and exper-
iments were entirely rain fed.
Data collection
The varieties were evaluated at monthly intervals,
starting at 1 month after planting (MAP) to 9MAP, for
their reaction to CMDS and CGMS. Damage symp-
toms were scored on a scale of 1–5, where 1 = no
symptoms and 5 = very severe symptoms (IITA
1990). Only the score of the most severely affected
plants were recorded in a plot. For each trial, total
carotenoid content (TCC), DMC, fresh root weight
(FRW) and harvest index (HI) were measured at 12
MAP. The inner two rows of each experimental plot
constituted a net plot of 10 plants for measurement of
the traits. Biomass from harvested plants was bulked
to estimate yield components by separately weighing
the fresh roots weight (FRW) and foliage (FSW). HI
was computed from the measure of FRW and FSW as:
HI ¼ FRW= FRWþ FSWð Þ
Root samples from each plot (5 kg) were weighed
in air (Wa) using a balance after cleaning the soil and
other debris from the roots. The root samples were
again weighed in water (Ww). The same container was
used to weigh the sample in both air and water.
Specific gravity was calculated as:
X ¼ Wa= WaWwð Þ
Dry matter and starch content were calculated using
the following formulas:
DMC ¼ 158:3  specific gravity
 142 Kawano et al: 1987ð Þ
Starch content ¼ ð210:8  specific gravityÞ
 213:4 Howeler 2014ð Þ:
Table 2 Characteristics of the six trial environments
Parameter Season 1 (May 2015–May 2016) Season 2 (June 2016–June 2017)
Edubiase Kokroko Pokuase Edubiase Kokroko Pokuase
(Env1) (Env2) (Env3) (Env4) (Env5) (Env6)
pH 5.3 6.2 7.1 5.6 5.7 6.9
OM (%) 2.0 0.9 2.2 2.4 0.4 2.0
N (%) 0.3 0.03 0.1 0.1 0.1 0.2
P (ppm) 3.4 3.1 5.8 3.9 4.6 4.7
Ca (ppm) 3.0 1.8 5.1 3.1 2.3 5.8
Mg (ppm) 2.3 1.2 1.7 1.1 2.1 1.4
K (ppm) 0.8 0.6 0.1 0.1 3.2 0.1
Zn (ppm) 13.9 1.5 34.1 13.1 1.8 44.0
B (ppm) 0.4 0.6 0.2 0.3 0.8 0.2
Cu (ppm) 25.9 0.9 44.0 24.0 0.7 54.0
Fe (ppm) 17,365.6 3775.6 5939.38 18,365.6 3752.6 6139.28
Mn (ppm) 1618.63 470.98 1367.72 1508.63 533.72 1478.71
Rainfall (mm) 2100.0 892.9 1072.4 2350 1160.9 1420.0
Min T (C) 21.7 32.0 30.2 21.3 32 31.0
Max T (C) 29.1 35.0 35.8 31.1 34 34.8
Latitude 4 400 00 0 N 7 390 1.570 0 N 5 420 00 0 N
Longitude 1 380 00 0 W 1 560 56.480 0 W 0 160 360 0 W
Altitude 136.1 482.1 45.7
OM organic matter content, MinT minimum temperature, MaxT maximum temperature
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The mealiness was measured by taking a small
portion of the boiled sample and pressing it between
the thumb and the index finger. When it is soft and can
form a sticky paste, it is considered mealy and
suitable for ‘ampesi’ (that is boiled and eaten) or for
‘fufu’. On the other hand, the hard and difficult to press
root will not form a sticky paste and is considered non-
mealy. However, non-mealy genotypes can be used for
cassava dough ‘agbelima’, or dried for ‘konkonte’,
cassava chips or processed into gari. Components
include: mealiness on a scale of 1–4 (1 = non-mealy
2 = mealy, 3 = very mealy and 4 = excellent) (Parkes
2011).
The vigor was measured 3 months after planting in
terms of how the plants have germinated. The scale for
measurement was 1–4 (1 = very poor, 2 = poor,
3 = good, 4 = very good) (Diniz and de Oliveira
2019).
TCC was measured following the method of
Rodriquez-Amaya and Kimura (2004). Fresh cassava
roots of three different sizes; small, medium and large
were washed with tap water to remove dirt and debris,
allowed to dry and then peeled. The peeled roots were
washed with deionized water to avoid contamination
and dried with tissue under a subdued light to protect
carotenes. Root samples and extracts were protected
from the light as much as possible. Roots were cut
longitudinally in half and then the two halves were cut
again longitudinally into quarters. Each quarter would
include, therefore, tissue from the periphery, mid-
parenchyma and core of the root, as well as proximal,
central and distal sections (Cha´vez et al. 2008). The
two quarters of each root were then ground and mixed
for a uniform sample. The sample was then packaged
into aluminum foil and placed into a whirl pack and
labeled. Ten gram of the test sample was transferred
into a clean dried mortar, and about 3 g of Celite was
added to the test sample to ease maceration of the
cassava tissues as well as filtration. Cold acetone
(50 ml) was first added in the mortar. The mixture was
crushed with a pestle until fine and then filtered.
Extraction was repeated three times with cold acetone
to ensure complete extraction. The extract was filtered
using a Buchner funnel with 90 mm filter paper and
rinsed with cold acetone.
The combined extract was transferred into a
separation funnel with 5 ml distilled water and
20 ml petroleum ether. Deionized water (500 ml)
was dispensed through the walls of the separation
funnel to wash the acetone. Brine solution was added
to break any emulsion formed in the ether extract. The
petroleum ether extract containing the carotenoids was
partitioned in the upper layer in the separating funnel,
and the aqueous layer was gradually discarded. The
extract was then transferred gradually into a 25 ml
volumetric flask using a small funnel with sodium
sulfate on top of cotton wool to dry any excess water.
Petroleum ether was added to the extract in the
volumetric flask and transferred into a 30 ml glass
bottle.
Aliquots of the extracts were transferred into a
Cuvette and was read using an UV–Vis spectropho-
tometer at wavelength of 450 nm from which
absorbance readings was obtained and TCC (lg g-1)
calculated as:
TC ¼ ½A volume mlð Þ  104=½A1%1 cm  sample weight gð Þ
where A = absorbance; volume = total volume of
extract 25 ml, A1cm
1% = absorption coefficient of b-
carotene in PE (2592).
All procedures for carotenoid extraction and mea-
surement were performed in subdued light and sam-
ples were analyzed within 24 h of harvesting. TCC
was measured only in 1 year for all the locations
without replication (the first replication was sampled
at each location) to confirm status of genotypes as
provitamin A enriched.
Data analysis
Data were subjected to analysis of variance (ANOVA)
and AMMI analysis for fresh root yield, dry matter
content, storage root number and starch of ten cassava
plants obtained per plot across environments using
Genstat software Release 17.0 (2011). Genetic effects
were considered fixed, and location and season effects
random. The GGE biplot method outlined by Yan
(2002) was used to display the G and GE interaction
patterns in the data in a biplot. The which-won-where
pattern, which is an intrinsic property of the GGE
biplot rendered by the inner-product property of the
cassava genotype environment data set, was also
visually presented. In addition, the GGE biplot was
used to identify high yielding and adapted cassava
varieties as well as suitable test environments.
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Stable varieties for each environment were selected
from AMMI analysis and principal component axes
(PCA) were extracted and statistically tested by the
Gollob (1968) F test procedure (Vargas and Crossa
2000). Phenotypic correlation coefficients and PCA
and its biplot were analysed using Genstat software
Release 17.0. Traits component and magnitude of
variation responsiveness to selection were calculated
according to Okwuagwu et al. (2008). Expected
genetic advance of the mean for each trait was
calculated according to Allard (1960). Genotypic
and phenotypic variances were calculated according
to Obilana and Fakorede (1981).
Results
FRY ranged from 18.99 to 32.67 t ha-1 with a mean
of 23.43 t ha-1 (Table 3). Genotype IBA083774 had
the highest yield of 32.67 t ha-1, while the lowest
value of 18.99 t ha-1 was recorded by IBA085392.
DMC ranged from 23.19 to 30.26% with a mean of
27.38%. The local cultivar recorded the highest
(30.25%) DMC, followed by IBA083774 (29.39%)
and IBA085392 recorded the lowest value (23.19%).
CMDS scores ranged from 1.0 to 2.17 with a mean of
1.15. All the yellow-fleshed varieties had a severity
score of 1.0 with the exception of IBA070593 (1.17).
The local cultivar recorded the highest severity score
(2.17) to CMDS. All the elite cassava genotypes from
IITA recorded higher TCC values than the local check
used. Genotype IBA083774 with the highest root yield
recorded the lowest TCC values among the IITA
materials and the local check with the highest DMC
recorded the lowest TCC value.
In the combined ANOVA (Table 4) the main
effects (genotype, location and year) were highly
significant (P\ 0.001) for all traits evaluated except
CMDS. Combined AMMI ANOVA (Table 5) showed
that genotype, environment and GEI effects were
highly significant (P\ 0.001) for CMDS, DMC,
FRY, RTN and starch. IPCA1 mean squares were
highly significant (P\ 0.001) for all traits except
FRY, which was significant at P\ 0.01. IPCA1 and
IPCA2 accounted for more than 70% of the total
variation observed in GEI, which was confirmed by
the significant (P\ 0.001) GEI effects for all traits.
RTN and TWT, FRY and TWT, TWT and vigor, HI
and RTN, HI and FRY, CMDS and mealiness, RTN
and FRY and CGMS and HI were highly significantly
positively correlated. TWT and HI and vigor and HI
showed significant negative correlations (Table 6).
The magnitude of the phenotypic coefficient of
variation (PCV) was higher than their corresponding
genotypic coefficient of variation (GCV) for all the
traits studied. The PCV ranged between 8.55% and
26.09%, with CMDS showing the highest value,
followed by TWT and with DMC recording the lowest
value. Heritability was generally high for all charac-
teristics and varied from 41.34% for RTN to 88.89%
for CMDS (Table 7).
From the PCA (Table 8) the first three principal
components (PC) had eigenvalues higher than one and
accounted for 83.93% of the total variation. PC1
Table 3 Mean of ten traits
measured in 10 genotypes
across six environments in
Ghana
FRY fresh root weight
(t ha-1), RTN storage root
number (t ha-1), TWT total
biomass (t ha-1), DMC dry




green mite severity, TCC
total carotenoid content
(lg g-1)
Genotype FRY RTN TWT DMC Starch HI CMDS CGMS Mealy TCC
IBA090090 19.69 41.17 35.79 26.95 13.24 0.45 1.00 1.27 1.94 10.37
Local 22.69 45.67 38.64 30.26 15.68 0.44 2.17 1.67 3.33 0.78
IBA090151 25.03 56.06 39.04 27.62 13.72 0.34 1.00 1.05 1.67 12.73
IBA070557 22.58 43.83 34.42 28.76 14.52 0.39 1.00 1.11 1.89 7.78
IBA085392 18.99 42.56 40.62 23.19 10.59 0.31 1.00 1.16 1.50 11.74
IBA083724 24.62 56.67 30.23 29.16 14.81 0.36 1.00 1.12 1.89 6.58
IBA083774 32.67 56.50 39.97 29.39 14.97 0.46 1.00 1.50 1.06 3.12
IBA070593 19.19 35.44 33.72 26.37 12.83 0.35 1.17 1.61 1.94 16.00
IBA070539 22.48 41.11 23.27 23.89 11.08 0.47 1.00 1.38 1.66 13.79
UCC 26.47 44.06 24.84 28.23 14.15 0.51 1.17 1.33 2.50 3.13
Grand mean 23.43 46.31 34.04 27.38 13.54 0.41 1.15 1.33 1.93 8.60
S.e.d 6.15 10.82 7.89 1.47 2.06 0.05 0.18 0.47 0.76 1.56
CV % 32.10 28.60 28.40 6.60 9.40 15.50 19.60 43.20 48.20 59.70
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accounted for 40.50% variation and RTN, FRY, DMC,
starch and CMDSwere the principal contributors. PC2
accounted for 27.51% of the variation with TWT and
vigor (positively) and CGMS and mealiness
(negatively) contributing most to the variation. PC3
accounted for 15.92% of variation with FRY, meali-
ness, CMDS and HI being the main contributing
factors.
Table 4 Analysis of
variance and contribution of
main effects to variation for
measured characteristics
across three environments
in two growing seasons
CMDS cassava mosaic
disease severity, DMC dry
matter content, FRY fresh
root weight, RTN storage
root number
*P B 0.05; ** P B 0.01;
***P B 0.001
Characteristic Source df SS MS % of total SS
CMDS Genotype 9 21.45 2.38*** 65.10
Location 2 0.23 0.12 ns 0.70
Year 1 0.27 0.27* 0.82
Gen.loc 18 1.43 0.08 ns 4.34
Gen.year 9 1.67 0.19*** 5.07
Loc.year 2 0.21 0.11 ns 0.64
Gen.loc.year 18 1.68 0.09* 5.10
Error 118 6.00 0.05
DMC Genotype 9 883.66 98.19*** 39.96
Location 2 245.34 122.67*** 11.10
Year 1 189.11 189.11*** 8.55
Gen.loc 18 191.27 85.75*** 8.65
Gen.year 9 57.47 6.39* 2.60
Loc.year 2 171.50 85.75*** 7.76
Gen.loc.year 18 86.49 4.80 ns 3.91
Error 118 380.27 3.22
Starch Genotype 9 443.13 49.24*** 39.96
Location 2 123.03 61.52*** 11.10
Year 1 94.83 94.83*** 8.55
Gen.loc 18 95.91 5.33*** 8.65
Gen.year 9 28.82 3.20* 2.60
Loc.year 2 86.01 43.00** 7.76
Gen.loc.year 18 43.38 2.41 ns 3.91
Error 118 190.70 1.62
FRY Genotype 9 2758.90 306.40*** 12.02
Location 2 4413.48 2206.74*** 19.22
Year 1 3029.08 3029.08*** 13.19
Gen.loc 18 1499.40 83.30 ns 6.53
Gen.year 9 671.50 74.61 ns 2.92
Loc.year 2 2189.76 1094.88*** 9.54
Gen.loc.year 18 1648.67 91.59* 7.18
Error 118 6685.96 56.66
RTN Genotype 9 9060.10 1006.70*** 16.39
Location 2 3390.30 1695.20*** 6.13
Year 1 1566.50 1566.50*** 2.83
Gen.loc 18 10,419.90 578.90*** 18.85
Gen.year 9 3031.20 336.80 ns 5.48
Loc.year 2 1073.10 536.50 ns 1.94
Gen.loc.year 18 5854.50 325.20* 0.11
Error 118 20,725.90 175.60
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GGE biplot for average dry matter content, fresh
root yield, starch and stability of varieties
The biplot (Fig. 1) showed that PCA1 and PCA2
explained 91% of variation for DMC. DMC was
highest in genotype IBA083724 (G10), followed by
IBA083774 (G6) and local (G5). IBA085392 (G4) had
the lowest DMC value. Varieties IBA090151 (G2) and
IBA070539 (G8) were more stable with genotype
IBA070593 (G7) being the most unstable. Genotype
IBA083774 (G6) had the highest mean for FRY,
followed by UCC (G9), IBA090151 (G2), while
IBA070593 (G7) ranked the lowest (Fig. 1). In terms
of stability, varieties IBA090090 (G1) and UCC (G9)
were most stable.
The best performing genotype in each environment
and mega-environments for dry matter content,
fresh root yield and starch content
PC1 explained 77% and PC2 14% of variation, both
reflecting 91% of the DMC variation (Fig. 2). PC1
explained 53% and PC2 17% of variation in FRY,
reflecting a total 70% of variation.
A convex-hull drawn on the varieties from the
origin of the biplot gave five sections with IBA070593
(G7), IBA085392 (G4), IBA090090 (G1), IBA083774
(G6) and IBA083724 (G10) as vertex varieties. G10
was the best variety in three environments (Edubiase,
Env 4; Pokuase, Env 3; Kokroko, Env 2 and Pokuase,
Env 6) and G6 was best in two environments
(Edubiase, Env 1 and Kokroko, Env 5) for DMC
Table 5 AMMI analysis of variance for five of the measured characteristics
Source df CMDS DMC RTN FRY Starch
Genotype 9 2.38*** 98.18*** 1006.7*** 306.5*** 49.24***
Environment 5 0.14*** 121.19*** 1206.0*** 926.5*** 60.77***
GEI 45 0.11*** 7.45*** 429.0*** 84.9*** 3.74***
IPCA1 13 0.28*** 15.83*** 770.3*** 127.5** 7.94***
IPCA2 11 0.07 ns 3.72 ns 396.8*** 89.4* 1.87 ns
Residual 21 0.02 4.210 234.60 56.10 2.11
% GEI due to IPCA1 76.29 61.40 51.87 43.40 61.39
% GEI due to IPCA2 15.89 12.23 22.61 25.76 12.20
CMDS cassava mosaic disease severity, DMC dry matter content, RTN storage root number, FRY fresh root weight, GEI genotype by
environment interaction, IPCA interaction principal component axis
*P B 0.05; ** P B 0.01; ***P B 0.001
Table 6 Phenotypic correlations coefficients for 10 traits measured on 10 cassava genotypes across six environments in Ghana
Traits CGMS CMDS DMC HI Mealy RTN FRY TWT
CMDS 0.13
DMC 0.03 0.18*
HI 0.33 0.05 0.08
Mealy - 0.01 0.29*** - 0.001 - 0.01
RTN 0.20** 0.03 0.16* 0.45*** - 0.07
FRY 0.19* - 0.05 0.07 0.62*** - 0.18* 0.69***
TWT - 0.18* - 0.13* - 0.02 - 0.43*** - 0.13 0.30*** 0.36***
Vigor - 0.12 - 0.04* 0.14 - 0.22** - 0.03 0.07 0.05 0.33**
CGMS cassava green mite severity, CMDS cassava mosaic disease severity, DMC dry matter content, HI harvest index, RTN storage
root number, FRY fresh root weight, TWT total biomass
*P B 0.05; **P B 0.01; ***P B 0.001
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(Fig. 2). The biplot grouped all the environments into
two groups, suggesting two mega-environments. The
first mega-environment had environments Env 4, Env
3, Env 2 and Env 6 with varieties IBA083724 (G10),
UCC (G9), Local (G5), IBA090151 (G2) and
IBA083774 (G6) as the best performer and the second
mega-environment had environments Env 5 and Env
1, with genotype IBA070557 (G3) performing best.
For FRY, IBA083774 (G6), IBA070539 (G8),
IBA070593 (G7), IBA085392 (G4) and IBA083724
(G10) were the vertex varieties for the five sections of
the biplot (Fig. 2). The biplot grouped all the
environments into two groups, suggesting two mega-
environments. The first mega-environment had envi-
ronments Env 1, Env 2, Env 3, Env 5 and Env 6 with
varieties UCC (G9), IBA090151 (G2) and IBA083774
(G6) as the best performers and the second mega-
environment had environment Env 4, with genotype
Local (G5) performing the best.
Discussion
DMC, FRY, starch, CMDS, mealiness and RTN are
key drivers for cassava variety adoption (Abdoulaye
et al. 2014; Esuma et al. 2016). All the yellow-fleshed
varieties in this study had higher TCC values than the
local and improved check. Three of the yellow-flesh
varieties (IBA090I51, IBA083774 and IBA083724)
recorded higher FRY than the checks. In terms of
DMC, the local variety was not statistically different
from varieties IBA083774 and IBA083724, which
recorded the highest FRY and lowest CMDS score.
There were significant variations in mean perfor-
mance of varieties for CMDS, RTN, FRY and starch,
which are some of the most important traits for
consumer acceptance (Owusu and Donkor 2012), in
different environments. TCC-rich cassava cultivars
could be selected using on- station trial in one location
and later subjected (selected cultivars) to multi-
location evaluations where the focus is shifted to
other important traits of cassava for variety adoption
(Esuma et al. 2016).
The significant genotype effects observed for the
traits studied indicated that varieties were significantly
different, hence genetic improvement could be
achieved through hybridization. The significant GEI
(from AMMI analysis) for CMDS, DMC, RTN, FRY
and starch, indicated variation in genotypic responses
to different environments and this underlined the
importance of the multi-environment testing of newly
developed varieties.
Table 7 Coefficients of variation, heritability and genetic
advance for five traits of 10 cassava genotypes planted in six
environments
Traits Genetic parameters
Mean GCV PCV (%) Hb
2 GAs
FRY 25.33 15.58 17.63 78.39 26.27
RTN 46.31 10.39 16.15 41.34 13.76
TWT 34.04 14.04 18.10 60.10 22.40
Starch 13.55 11.44 13.14 75.95 20.55
DMC 27.38 8.00 8.55 87.55 15.41
CMDS 1.15 24.35 26.09 88.89 47.77
GVC genotypic coefficient of variation (%), PCV phenotypic
coefficient of variation (%), Hb
2, broad-sense heritability (%),
GAs expected genetic advance of the mean, FRY fresh root
weight, RTN storage root number, TWT total biomass, DMC
dry matter content, CMDS cassava mosaic disease severity
Table 8 Principal component analysis of 10 quantitative traits
in 10 cassava genotypes showing eigenvectors, eigenvalues,
individual and cumulative percentage of variation explained by
the first three PC axis
Characters Eigenvectors
PC1 PC2 PC3
RTN 0.34 0.27 0.06
FRY 0.35 0.23 0.47
TWT - 0.09 0.52 - 0.32
Mealy 0.28 - 0.33 - 0.41
DMC 0.43 0.16 - 0.14
Starch 0.43 0.16 - 0.14
Vigor 0.12 0.49 - 0.13
CMDS 0.34 - 0.27 - 0.37
CGMS 0.24 - 0.31 - 0.06
HI 0.32 - 0.19 - 0.56
Eigenvalue 4.05 2.75 1.50
Individual 40.50 27.51 15.92
Cumulative 40.50 68.01 83.93
RTN storage root number, FRY fresh root weight, TWT total
biomass, DMC dry matter content, CMDS cassava mosaic
disease severity, CGMS cassava green mite severity, HI harvest
index
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The combined ANOVA for CMDS, DMC and
starch indicated that genotype main effect accounted
for 65.10%, 39.96% and 39.96% of variation,
bFig. 1 GGE biplot showing a dry matter content and b fresh
root yield mean performance and stability of 10 cassava
genotypes
Fig. 2 Which wins where GGE biplot for best cultivars for a dry matter content and b fresh root yield in different environments
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respectively. This was confirmed by the small differ-
ence between their PCV and GCV values. Selection
for such traits could be fairly easy due to the close
association between the genotype and the phenotype.
Cassava breeding aimed at selecting desired geno-
types is linked with GCV, heritability estimates,
genetic advance as percentage of the population mean
and other genetic parameters for important traits
(Idahosa et al. 2010). The magnitude of the heritability
of the selected traits studied were generally high.
Pradeepkumar et al. (2001) reported that heritability
estimates together with genetic advance contribute to
improved selection response. The low PCV values for
DMC in this study have also been reported by other
authors (Kundy et al. 2015; Ewa et al. 2017). The
generally higher values of PCV than their correspond-
ing GCV values for traits indicated the considerable
role of the environment in the expression of these
traits; hence the variation in the varieties are due to
both genotype and the environment. The high heri-
tability values for the measured traits indicate the
presence of a larger portion of heritable variation
which would aid selection. Root number with quite
high heritability and low genetic advance could pose a
challenge if selection is based only on this trait. Esuma
et al. (2016) confirmed a strong negative correlation
between DMC and TCC. Ceballos et al. (2013)
reported simultaneous gains for both TCC and DMC
through rapid selection. There is need in Ghana, to
combine these two important traits in the breeding
program. The best yellow-flesh varieties identified in
this study could be the starting material for this
improvement.
Correlations among traits play an important role in
plant breeding by improving selection efficiency. The
positive significant correlation between FRY and
RTN, TWT, HI and DMC and starch, suggests that
an increase in mean value of any one of these character
pairs would significantly increase the mean of the
other (Akinwale et al. 2010). The negative significant
correlation of HI and TWT is very important in
cassava breeding where the ultimate focus is on yield
(storage roots) which correlates positively with HI.
However, varieties must also produce prolific stems
from planting material that is related to TWT. The
negative correlations between CMDS and FRY, TWT
and vigor confirms the potential storage root yield
losses that can be caused by the disease, which was
confirmed by Parkes et al. (2013). There was also a
significant positive correlation between CMDS and
mealiness. Landraces are more susceptible to CMDS
and most landraces in Ghana are mealy.
A threshold of 15 lg g-1 has been set as a goal in
cassava for PVAC in terms of nutritional enhancement
(Njoku et al. 2011). In the current study the TCC
values of the yellow varieties varied between 3.12 and
16 lg g-1 with five varieties having values of more
than 10 lg g-1. These varieties would certainly have
health benefits for consumers, and the other varieties
to a lesser extent.
Conclusions
This study showed the best performing TCC-rich
varieties also have variation for important traits of
cassava, which are key drivers of variety adoption in
Ghana. In view of this, varieties IBA090151,
IBA083774 and IBA083724 can be considered for
varietal release after on-farm testing. The study also
revealed that the yellow-fleshed varieties can be used
in a hybridization scheme with the local material to
combine both TCC and DMC traits with high yield in a
CMDS free background.
Acknowledgements The study was part of the Ph.D. research
of the first author, supported by the West African Agricultural
Productivity Project (WAAPP-Ghana), a grant from the World
Bank to the Government of Ghana (Grant No. 1) and Bill and
Melinda Gates Foundation (BMGF) (Grant No. OPP1112552).
The authors are grateful to Dr. Regina Sagoe, Dr. Adelaide
Agyeman, Dr. Hernan Ceballos, Mr. Peter Illuebey and the
Cassava Breeding Unit, IITA-Nigeria for providing the pro-
Vitamin A clones used in this study.
Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any med-
ium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in
the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.
123
Euphytica          (2020) 216:31 Page 11 of 13    31 
References
Abdoulaye T, Abass A, Maziya-Dixon B, Tarawali G, Oke-
chukwu R, Rusike J, Alene A, Manyong V, Ayedun B
(2014) Awareness and adoption of improved cassava
varieties and processing technologies in Nigeria. J Dev
Agric Econ 6:67–75. https://doi.org/10.5897/JDAE2013.
006
Acquaah G (2012) Principles of plant genetics and breeding, 2nd
edn. Wiley, Oxford
Agyeman A, Parkes EY, Peprah BB (2015) AMMI and GGE
biplot analyses of root yield performance of cassava
genotypes in forest and coastal ecologies. Int J Agric Pol
Res 3:122–132. https://doi.org/10.15739/IJAPR.034
Aina OO, Dixon AGO, Akinrinde EA (2007) Additive main
effects and multiplicative interaction (AMMI) analysis for
yield of cassava in Nigeria. J Biotechnol Sci 7:796–800.
https://doi.org/10.3923/jbs.2007.796.800
Akinwale MG, Aladesanwa RD, Akinyele BO, Dixon AGO,
Odiyi AC (2010) Inheritance of b-carotene in cassava
(Manihot esculenta Crantz). Int J Genet Mol Biol
2:198–201
Allard RW (1960) Principles of plant breeding. Wiley, New
York
Bouis HE, Hotz C, McClafferty B, Meenakshi JV, Pfeiffer WH
(2011) Biofortification: a new tool to reduce micronutrient
malnutrition. Food Nutr Bull 32:S31–S40. https://doi.org/
10.1177/15648265110321S105
Ceballos H, Morante N, Sanchez T, Ortiz D, Aragon I, Chavez
AL, Pizarro M, Calle F, Dufour D (2013) Rapid cycling
recurrent selection for increased carotenoids content in
cassava roots. Crop Sci 53:2342–2351
Ceballos H, Davrieux F, Talsma EF, Belalcazar J, Chavarriaga
P, Andersson MS (2017) Carotenoids in cassava roots. In:
Cvetkovic D (ed) Carotenoids. InTech. https://www.
intechopen.com/books/carotenoids/carotenoids-in-
cassava-roots. Accessed Jan 2019
Cha´vez AL, Ceballos H, Rodriguez-Amaya DB, Pe´rez JC,
Sa´nchez T, Calle F, Morante N (2008) Sampling variation
for carotenoids and dry matter contents in cassava roots.
J Root Crops 34:43–49
Diniz RP, De Oliveira EJ (2019) Genetic parameters, path
analysis and indirect selection of agronomic traits of cas-
sava germplasm. Ann Br Acad Sci 91(3):e20180387
Dwivedi SL, Sahrawat KL, Rai KN, Blair MW, Andersson MS,
Pfeiffer W (2012) Nutritionally enhanced staple food
crops. Plant Breed Rev 36:173–293. https://doi.org/10.
1002/9781118358566.ch3
Esuma W, Kawuki RS, Herselman L, Labuschagne MT (2016)
Stability and genotypes by environment interaction of
provitamin A carotenoid and dry matter content in cassava
in Uganda. Breed Sci 66:434–443. https://doi.org/10.1270/
jsbbs.16004
Ewa F, Nwofia E, Egesi C, Olasanmi B, Okogbenin E (2017)
Genetic variability, heritability and variance components
of some yield and yield related traits in second backcross
population (BC2) of cassava. Afr J Plant Sci 11:185–189.
https://doi.org/10.5897/AJPS2015.1324
Gauch HG (2006) Statistical analysis of yield trials by AMMI
and GGE. Crop Sci 46:1488–1500. https://doi.org/10.
2135/cropsci2005.07-0193
GenStat (2011) GenStat for Windows, 14th edn. VSN Interna-
tional Ltd., Hemel Hempstead
Gollob HF (1968) A statistical model which combines features
of factor analytic and analysis of variance techniques.
Psychometrika 33:73–115
Howeler R (2014) Sustainable soil and crop management of
cassava in Asia: a reference manual. CIAT Publication No.
389. CIAT, Colombia
Idahosa DO, Alika JE, Omoregie AU (2010) Genetic variability,
heritability and expected genetic advance as indices for
yield and yield components selection in cowpea (Vigna
unguiculata (L.) Walp. Acad Arena 2:22–26
IITA (International Institute of Tropical Agriculture) (1990)
Annual report. IITA, Ibadan
Kang MS (2002) Quantitative genetics, genomics, and plant
breeding. CABI Publishing, New York
Kawano K, Fukuda WMG, Cenpuckdee U (1987) Genetic and
environmental effects on dry matter content of cassava
root. Crop Sci 27:69–74. https://doi.org/10.2135/
cropsci1987.0011183X002700010018x
Kundy C, Mkamilo GS, Misangu RN (2015) Genetic variability
among six traits in twelve cassava (Manihot esculenta
Crantz) genotypes in Southern Tanzania. J Nat Sci Res
2:33–38. https://doi.org/10.1017/S1479262113000014
Kvitschal MV, Vidigal Filho PS, Scapin CA, Goncalves-Vidigal
MC, PequenoMG, Sagrilo E, Rimoldi V (2006) Evaluation
of phenotypic stability of cassava clones by AMMI anal-
ysis in north-western Parana State. CBAB 6:236–241.
https://doi.org/10.1590/1984-70332017v17n4a55
Maroya NG, Asante IK, Dixon AGO (2010) Genotype by
environment interaction effect on beta-carotene of yellow
root cassava (Manihot esculenta Crantz) genotypes in
Ghana. In: Proceedings of the 11th ISTRC-AB symposium,
Kinshasa, DR Congo, 4–8 October 2010
Njoku DN, Vernon G, Egesi CN, Asante I, Offei SK, Okogbenin
W, Kulakow P, Eke-Okoro ON, Ceballos H (2011)
Breeding for enhanced b-carotene content in cassava:
constraints and accomplishments. J Crop Improv
25:560–571. https://doi.org/10.1080/15427528.2011.
594978
Obilana A, Fakorede MAB (1981) Heritability: a treatise.
Samaru J Agric Res 1:72–82
Okwuagwu CO, Okoye MN, Okolo EC, Ataga CD, Uguru MI
(2008) Genetic variability of fresh fruit bunch yield in
Deli/duru 9 tenera breeding populations of oil palm
(Elaeis guineensis Jacq.) in Nigeria. J Trop Agric 46:52–57
Owusu V, Donkor E (2012) Adoption of improved cassava
varieties in Ghana. Agric J 7:146–151. https://doi.org/10.
3923/aj.2012.146.151
Parkes EY (2011) Assessment of genetic diversity, combining
ability, stability and farmer preference of cassava germ-
plasm in Ghana. Ph.D. thesis, Department of Plant Sci-
ences (Division of Plant Breeding), University of the Free
State, South Africa
Parkes EY, Fregene M, Dixon AGO, Peprah BB, Labuschagne
MT (2013) Combining ability of cassava genotypes for
cassava mosaic disease and cassava bacterial blight, yield
and its related components in two ecological zones in
123
   31 Page 12 of 13 Euphytica          (2020) 216:31 
Ghana. Euphytica 194:13–24. https://doi.org/10.1007/
s10681-013-0936-9
Pradeepkumar T, Bastian D, Joy M, Radharkrishnam NV, Aipe
KC (2001) Genetic variation in tomato for yield and
resistance bacterial wilt. J Trop Agric 39:157–158
Rodriguez-Amaya DB, Kimura M (2004) HarvestPlus hand-
book for carotenoid analysis. International Food Policy
Research Institute (IFPRI) and International Center for
Tropical Agriculture (CIAT), Washington, DC and Cali
Ssemakula G, Dixon AGO (2007) Genotype 9 environment
interaction, stability and agronomic performance of car-
otenoid-rich cassava clones. Sci Sci Res Essays 2:390–399
VargasM, Crossa J (2000) The AMMI analysis and graphing the
biplot. Biometrics and Statistics Unit, CIMMYT, Mexico
City
Yan W (2002) Singular-value partitioning in biplot analysis of
multi-environment trial data. Agron J 94:990–996
Yan W, Kang MS (2003) GGE biplot analysis: a graphical tool
for breeders, geneticists, and agronomists. CRC Press,
Boca Raton
Yan W, Tinker Y (2006) Biplot analysis of multi-environment
trial data: principles and applications. Can J Plant Sci
86:623–645. https://doi.org/10.4141/P05-169
Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.
123
Euphytica          (2020) 216:31 Page 13 of 13    31 
